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ABSTRACT: Aluminum hydroxide is an effective defluoridation adsorbent; however, the poor defluoridation performance limits its
wide application. In this work, amorphous and crystalline AlOOH adsorbents are synthesized through hydrolysis of Al salts, and their
defluoridation performances are evaluated in terms of adsorption capacity and rate, sensitivity to pH value, and water quality after
defluoridation. The defluoridation performance of AlOOH is closely related to the hydrolysis pH value, but hardly to the type of Al
salts. The adsorbent can remove >95% fluoride in the first 2 min and reach adsorption equilibrium within 2 h, and the maximum
defluoridation capacity is 41.9 mg/g. Furthermore, the adsorbent exhibits an excellent defluoridation efficiency at a wide pH range of
4.5−10.5. After fluoride removal, the adsorbents prepared at pH values of 6 and 7 exhibit low residual Al concentration. The Fourier
transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS) results confirm that the fluoride removal mechanism is the
ligand exchange between fluoride and hydroxyl groups. The excellent defluoridation capacity and low residual Al demonstrate that
AlOOH is a potential adsorbent for fluoride separation from water.

1. INTRODUCTION

Fluorine is one of the necessary trace elements for human
health and has a significant impact on human bones and teeth.
As the human body takes in fluorine mainly through drinking
water,1 the content of fluoride in drinking water is an
important parameter of water quality, which determines
whether fluoride has beneficial or harmful effects on human
health. When the fluoride concentration in drinking water is
0.5−1.5 mg/L, it is helpful to prevent dental caries and
maintain the stability of calcium and phosphorus metabolism.
However, long-term drinking high fluoride water (>1.5 mg/L)
can lead to a series of fluorosis-related diseases, e.g., dental
fluorosis, skeletal fluorosis, joint stiffness, paralysis, thyroid
dysfunction, and kidney dysfunction.2 The World Health
Organization (WHO) has set 1.5 mg/L as the guideline for
fluoride concentration in drinking water.3 More than 35
countries globally face the problem that the fluoride
concentration in drinking water exceeds the WHO guideline,
especially in China, India, Pakistan, South Africa, Turkey,
Argentina, and Mexico.4 Therefore, how to reduce the fluoride
concentration in drinking water below the WHO guideline is
an urgent issue worldwide.

Among various defluoridation technologies, adsorption is an
eye-catching, well-studied, and widely used fluoride removal
method owing to its simple design, convenient operation, and
low cost.5 Different adsorbents exhibit different defluoridation
performances, which depend on the physicochemical proper-
ties of adsorbents. During the past decades, a variety of
adsorbents have been developed and used for fluoride removal,
such as natural-mineral-based adsorbents,6,7 biomass adsorb-
ents,8 carbon-based adsorbents,9−12 metal oxides, or hydrox-
ides.13−16 For example, stilbite zeolite with low cost was used
as the raw material to prepare a nano-hydroxyapatite/stilbite
adsorbent, which had an adsorption capacity of 4.02 mg/g.17

Affonso et al. synthesized an adsorbent by stabilizing carbon
nanotubes in chitosan sponge and evaluated its feasibility for
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fluoride removal from fertilizer industry wastewater.18 The
adsorbent exhibited excellent renewability, and its adsorption
capacity was as high as 975.4 mg/g. Fe−Mg−La trimetal
hydroxides prepared through coprecipitation had a maximum
defluoridation capacity of 47.2 mg/g.19 He et al. fabricated a
hydroxyapatite nanowire adsorbent using a solvothermal
method and found that the fluoride removal mechanisms
were electrostatic interactions and anion exchange.20

Compared with other adsorbents, Al-based adsorbents have
the advantages of simple preparation, low cost, and strong
affinity for fluoride, making them extensively researched and
used adsorbents for fluoride removal.1 Although activated
alumina is widely used for fluoride removal in vast rural areas,
its adsorption capacity is very low (1.45 mg/g).21,22 Recently,
some researchers have found that the defluoridation perform-
ance of alumina could be improved by altering the micro-
structure or the crystalline phase of alumina.23−26 For example,
ordered mesoporous alumina prepared using aluminum
isopropoxide as a precursor had a defluoridation capacity of
135 mg/g.25 Three-dimensional (3D) broccolilike amorphous
alumina exhibited an excellent defluoridation capacity of 126.9
mg/g.26 In addition, surface modification is also an effective
method to enhance the defluoridation performance of alumina.
The adsorption capacity of mesoporous alumina was increased
from 24.45 to 37.35 mg/g by loading MgO on its surface.27

Surface modification by H2O2 can increase the surface
hydroxyl groups of alumina, resulting in the enhancement of
defluoridation capacity.28 However, George et al. demon-
strated that the residual Al content after defluoridation by
alumina was high, which cast a shadow on its wide
application.29

Besides alumina, aluminum hydroxide is also an effective
defluoridation adsorbent, and its residual Al content after
defluoridation is much lower than that of alumina. However,
the fluoride removal performance of commercial aluminum
hydroxide is poor.1 To enhance the defluoridation efficiency of
aluminum hydroxide, some methods were developed.30−33 Liu

et al. investigated the defluoridation performance of freshly
prepared aluminum hydroxide.34 Du et al. researched the effect
of aging temperature and additives on the defluoridation
capacity of aluminum hydroxide and found that the addition of
sulfate greatly enhanced the defluoridation capacity.35 Jia et al.
synthesized a bayerite/boehmite adsorbent with 3D featherlike
structures using a hydrothermal method.36 It is interesting that
aluminum hydroxides prepared by different methods possess
obvious different defluoridation performances, but there is no
literature on this issue. In fact, aluminum hydroxides reported
in the literature were prepared using different Al sources under
different pH values, which may be the reason for the different
defluoridation capacities of aluminum hydroxides prepared by
different methods. To clarify this problem, amorphous and
crystalline AlOOH adsorbents were synthesized through
hydrolysis of Al salts in this work, and the effects of the
hydrolysis pH value and the type of Al salts on defluoridation
performance were analyzed. Furthermore, the physicochemical
mechanisms involved in fluoride removal were revealed.

2. RESULTS AND DISCUSSION

2.1. Characterization of AlOOH Adsorbents. Figure 1
presents the micrographs of AlOOH adsorbents prepared at
different hydrolysis pH values. It is found that the
morphologies of different AlOOH adsorbents have no obvious
difference. Unlike the smooth surface of commercial
AlOOH,37 the surfaces of AlOOH adsorbents are much
rougher, making them have large surface areas. There are
numerous agglomerates in AlOOH adsorbents, and the size of
agglomerates ranges from submicrons to microns.
Figure 2 shows the X-ray patterns of AlOOH adsorbents

prepared at different hydrolysis pH values. As AlOOH is an
amphoteric oxyhydroxide, it can react with an acid or a base.
When the hydrolysis pH value is below 5 or above 10, some
AlOOH precipitate will dissolve. Therefore, the hydrolysis pH
range was selected from 5 to 10. It can be seen that the phase
constituents of AlOOH adsorbents are closely related to the

Figure 1. SEM micrographs of (a) AH-5, (b) AH-7, (c) AH-8, and (d) AH-10 adsorbents.
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hydrolysis pH value. The adsorbents transform from
amorphous AlOOH to crystalline AlOOH when increasing
the hydrolysis pH value. For AlOOH prepared at pH values of
5 and 6, there is almost no diffraction peak, indicating that the
adsorbents are amorphous. However, when the hydrolysis pH
value is above 6, all available diffraction peaks correspond well
with the XRD pattern of boehmite (AlOOH) with the JCPDS
No. 21-1307 standard, indicating that the adsorbents are
crystalline AlOOH.33,38 Furthermore, when increasing the
hydrolysis pH value from 7, the diffraction peak intensity of
AlOOH gradually increases, meaning that increasing the
hydrolysis pH value enhances the crystallinity of AlOOH
adsorbents.
Figure 3 shows the Fourier transform infrared (FTIR)

spectra of AlOOH adsorbents prepared at different hydrolysis

pH values. All of the AlOOH adsorbents prepared at different
hydrolysis pH values have almost the same FTIR spectra. The
band of 3459 cm−1 represents the physically adsorbed water,
and the band of 1638 cm−1 results from the bending vibrations
of hydroxyl groups originating from adsorbed water.36,39 The
peaks at 1519 and 1431 cm−1 are ascribed to the stretching and
bending vibrations of Al−O, respectively.34 The peak at 961
cm−1 for AH-5 and AH-7 and the peak at 1063 cm−1 for AH-8
and AH-10 correspond to the surface hydroxyl groups.36 This
difference in peak position may be attributed to the phase
transformation from amorphous to crystalline AlOOH. In

addition, the peak intensity of AH-5 is much stronger than that
of the other AlOOH adsorbents, indicating that AH-5 has
more surface hydroxyl groups. The band of 576 cm−1 belongs
to the Al−O−H bending mode.40

Figure 4 presents the N2 adsorption−desorption isotherms
and pore size distribution of AlOOH adsorbents prepared at
different hydrolysis pH values. Based on the IUPAC
classification, the isotherms of AlOOH adsorbents belong to
type IV isotherms, which indicate the presence of mesopores
(Figure 4a). It is found that the pore size distributions of AH-
5, AH-7, and AH-8 have little difference. The pore sizes of AH-
5, AH-7, and AH-8 are larger than that of AH-10 (Figure 4b).
Table 1 gives the pore volume, average pore size, and BET and
external surface area of AlOOH adsorbents prepared at
different hydrolysis pH values. It is found that the average
pore size of AlOOH adsorbents is 8−13 nm, implying that the
pores in AlOOH are mainly mesoporous. The BET surface
areas of AH-5, AH-7, AH-8, and AH-10 are 160.3, 139.2,
163.8, and 168.5 m2/g, respectively. It is interesting that the
surface area of AH-7 is the lowest among different AlOOH
adsorbents. The point of zero charge (PZC) of AlOOH is 8.5−
9.5.41 When the hydrolysis pH value is below the PZC of
AlOOH, the AlOOH adsorbent is protonated and positively
charged. In this case, there is an electrostatic repulsion
interaction among AlOOH particles, inhibiting the aggregation
of AlOOH to a certain extent. For AH-5, it has more surface
positive charges than AH-7, making it has more inhibition on
aggregation. This explains why the surface area of AH-5 is
larger than that of AH-7. As an amorphous material usually has
a higher surface energy than a crystalline material,42 it is more
likely to agglomerate. This is the reason why AH-7 has a lower
surface area than AH-8 and AH-10.

2.2. Defluoridation Performance of AlOOH Adsorb-
ents. Figure 5 illustrates the fluoride removal efficiency of
AlOOH adsorbents prepared at different hydrolysis pH values.
Obviously, the hydrolysis pH value has a significant influence
on the defluoridation performance of AlOOH adsorbents. AH-
5 and AH-6 adsorbents exhibit the best fluoride removal
performance, and they can remove >95% fluoride in the first 2
min and reach adsorption equilibrium within 2 h. Furthermore,
the residual F− concentrations for AH-5 and AH-6 are 0.17
and 0.28 mg/L, respectively, which are much lower than the
WHO guideline. This means that AH-5 and AH-6 are effective
adsorbents for fluoride removal. Increasing the hydrolysis pH
value from 6 to 7, the defluoridation performance of AlOOH
slightly decreases. However, the defluoridation efficiency
decreases dramatically when further increasing the hydrolysis
pH value from 7. For the AH-10 adsorbent, the fluoride
removal efficiency is only 57.0%. According to the character-
ization analyses of different AlOOH adsorbents (Figures 1−4
and Table 1), the characterization difference mainly reflects on
the crystalline phases of adsorbents (Figure 2). Therefore, it
can be inferred that the difference in defluoridation perform-
ances of AlOOH adsorbents prepared at different hydrolysis
pH values is attributed to the difference in crystalline phases of
adsorbents. In addition, it can be concluded that the
defluoridation efficiency of amorphous AlOOH is better than
that of crystalline AlOOH.
Figure 6 shows the fluoride removal efficiency of AH-5 in an

aqueous solution with different initial F− concentrations. When
increasing the initial F− concentration, the defluoridation
efficiency decreases, while the defluoridation capacity
increases. The defluoridation efficiency decreases from 99.6

Figure 2. X-ray patterns of (a) AH-5, (b) AH-6, (c) AH-7, (d) AH-8,
(e) AH-9, and (f) AH-10 adsorbents.

Figure 3. FTIR spectra of AlOOH adsorbents prepared at different
hydrolysis pH values.
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to 84.3% when increasing the initial F− concentration from 40
to 100 mg/L. This is reasonable because the adsorbent cannot
provide enough active sites for fluoride adsorption when
increasing the initial F− concentration. For 60 and 80 mg/L F−

solution, the residual F− concentrations after defluoridation are
0.23 and 5.30 mg/L, respectively. This indicates that AH-5 can

effectively remove fluoride from water only when the initial F−

concentration is below 60 mg/L.
As is well known, the pH value of a solution has a great

impact on the surface charges of an adsorbent, which in turn
affects the defluoridation efficiency of the adsorbent. To
research the effect of initial pH value on defluoridation
performance, the fluoride removal by AH-5 in a F− solution
with different initial pH values was tested, and the results are
shown in Figure 7. Clearly, AH-5 exhibits excellent

defluoridation efficiency at a wide pH range of 4.5−10.5.
When increasing the pH value from 10.5 or decreasing the pH
value from 4.5, the defluoridation efficiency decreases
drastically. For the F− solution with pH values of 3 and 12,
the defluoridation efficiencies of AH-5 are only 68.3 and
61.9%, respectively. When the pH value is below 4.5, some
AH-5 will dissolve, resulting in the decrease of the
defluoridation efficiency. When the pH value is above 10.5,
AH-5 is deprotonated and there is an electrostatic repulsion
between F− and AH-5, inhibiting the adsorption of fluoride.
Moreover, the competition adsorption between F− and OH−

occurs, which further decreases the defluoridation efficiency.
To investigate the effect of type of Al salts on defluoridation

performance, the fluoride removal efficiency of AlOOH
adsorbents prepared from NaAlO2, Al2(SO4)3, Al(NO3)3, and
AlCl3 at a hydrolysis pH value of 8 was evaluated, as shown in
Figure 8. The type of Al salts has little effect on the
defluoridation efficiency of AlOOH. In fact, the four types of
Al salts are soluble in water, and the anions (AlO2

−, SO4
2−,

NO3
−, and Cl−) play no role in the hydrolysis process of Al

salts. In addition, the residual anions on the AlOOH surface
are removed during the cleaning process. Therefore, the

Figure 4. (a) N2 adsorption−desorption isotherms and (b) pore size distribution of AlOOH adsorbents prepared at different hydrolysis pH values.

Table 1. Pore Volume, Average Pore Size, and BET and
External Surface Area of Different AlOOH Adsorbents

adsorbents
average pore
size (nm)

pore
volume
(cm3/g)

BET surface
area (m2/g)

external surface
area (m2/g)

AH-5 12.8 0.527 160.3 155.3
AH-7 12.9 0.460 139.2 134.4
AH-8 12.1 0.505 163.8 159.2
AH-10 8.3 0.354 168.5 160.7

Figure 5. Fluoride removal from the aqueous solution using AlOOH
adsorbents prepared at different hydrolysis pH values (C0 = 40 mg/L,
T = 25 °C, adsorbent dose = 2 g/L).

Figure 6. Effect of the initial F− concentration on fluoride removal
from the aqueous solution using the AH-5 adsorbent (T = 25 °C,
contact time = 2 h, adsorbent dose = 2 g/L).

Figure 7. Effect of pH values on fluoride removal from the aqueous
solution using the AH-5 adsorbent (C0 = 40 mg/L, T = 25 °C,
adsorbent dose = 2 g/L).
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AlOOH adsorbents prepared from different Al salts have
similar defluoridation performance. However, this result was
different from Chai’s work, which showed that SO4

2− played a
key role in the fluoride removal process.43 The possible reason
is the difference in hydrolysis pH value. In Chai’s work, the
hydrolysis pH value was 5, which is much lower than PZC. In
this case, the adsorbent is protonated and positively charged so
that it could attract some SO4

2−. During the defluoridation
process, SO4

2− can exchange with F−.
To further study the defluoridation behavior and determine

the adsorption capacity of AlOOH adsorbents, the adsorption
isotherm of AH-5 was analyzed. As shown in Figure 9, both the
Langmuir and Freundlich isotherm models were used to fit the
defluoridation data according to the following equations44

= +
q q K C q

Langmuir:
1 1 1 1

e max L e max

i

k
jjjjjj

y

{
zzzzzz (1)

= +q K
n

CFreundlich: log log
1

loge F e (2)

where Ce and qe are the F− concentration and the adsorption
capacity at equilibrium, respectively; qmax is the maximum
adsorption capacity; KL is the binding energy constant; KF and
n are the Freundlich constants corresponding to the adsorption
capacity and the favorable degree of adsorption, respectively.
Table 2 presents the isotherm model parameters for F−

adsorption by AH-5. According to the correlation coefficient
(R2), adsorption data of AH-5 fit better with the Langmuir
model than the Freundlich model, meaning that the adsorption
of fluoride on AH-5 is monolayer adsorption. Based on the

Langmuir model, the maximum adsorption capacity of AH-5 is
41.9 mg/g, which is consistent with the results of Figure 6 (the
adsorption capacity is 42.1 mg/g at the initial F− concentration
of 100 mg/L). This further confirms that the adsorption of
fluoride on AH-5 follows the Langmuir model. Adsorption
capacities of AlOOH from the present study were compared
with those of the other Al-based adsorbents, as shown in Table
3. It can be seen that AlOOH exhibits excellent defluoridation
capacity and fast adsorption rate, indicating that AlOOH is a
promising defluoridation adsorbent.
To evaluate the reusability of AlOOH adsorbents, AH-5

after defluoridation was regenerated using 1 mol/L NaOH
solution, and five successive adsorption−desorption cycles
were carried out, as shown in Figure 10. It can be seen that
AlOOH can be regenerated using the NaOH solution, and
94.0% fluoride is desorbed from AlOOH in the first cycle. The
desorption efficiency decreased with the increase of the cycle
number, and only 64.0% fluoride was desorbed after 5 cycles,
implying that AlOOH can only be partially regenerated. The
fluoride removal efficiency continuously decreased with the
cycle number. After five cycles, the fluoride removal efficiency
decreased from 93.4 to 56.4%. The decrease of the removal
efficiency was caused by the inadequate regeneration of
AlOOH.

2.3. Water Quality Assessment after Defluoridation.
The water quality after fluoride removal is an important index
to evaluate the defluoridation performance of an adsorbent. As
is well known, some aluminum dissolves into water in the
defluoridation process using Al-based materials as adsorbents.
Al is a potential neurotoxin, and its WHO limit in drinking
water is 0.2 mg/L.29 Long-term drinking water with excessive
Al may enhance the risk for the development of Alzheimer’s
disease in humans.45 Therefore, it is necessary and meaningful
to evaluate the residual Al after defluoridation by AlOOH
adsorbents.
Figure 11 demonstrates the residual Al concentration of an

aqueous solution after fluoride removal using AlOOH
adsorbents prepared at different hydrolysis pH values. As can
be seen, the hydrolysis pH value has a great effect on the
residual Al. The relationship between residual Al and the

Figure 8. Fluoride removal from the aqueous solution using AlOOH
adsorbents prepared from different inorganic Al salts (C0 = 30 mg/L,
T = 25 °C, adsorbent dose = 2 g/L).

Figure 9. Langmuir (a) and Freundlich (b) adsorption isotherms for fluoride removal from the aqueous solution using the AH-5 adsorbent.

Table 2. Isotherm Model Parameters for F− Adsorption by
AH-5

Langmuir Freundlich

qmax (mg/g) KL (L/mg) R2 KF n R2

41.9 5.76 0.920 29.55 7.25 0.758
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hydrolysis pH value is nonmonotonic, and AlOOH exhibits the
lowest residual Al at hydrolysis pH 7. At a hydrolysis pH value
of > 7, the amount of HCl is insufficient for the complete
hydrolysis of NaAlO2. In this case, some NaAlO2 is not
hydrolyzed, and a few AlO2

− adsorb on the AlOOH surface.
Therefore, the residual Al increases with the increase of the
hydrolysis pH value when the hydrolysis pH value is above 7.
However, at a hydrolysis pH value of < 7, the amount of HCl is
excessive for the complete hydrolysis of NaAlO2. In this case,
some AlOOH dissolves and releases Al3+, some of which
adsorb on the AlOOH surface. Therefore, the residual Al
increases with the decrease of the hydrolysis pH value when
the hydrolysis pH value is below 7. For AH-6 and AH-7
adsorbents, the residual Al concentrations are 0.023 and 0.014
mg/L, respectively, which are far below the WHO limit. As the
defluoridation efficiencies of AH-6 and AH-7 are 99.3 and
97.6% (Figure 5), it can be concluded that the optimum
hydrolysis pH value is 6.

2.4. Fluoride Removal Mechanism. It is significant to
comprehend the fluoride removal mechanisms, which is helpful
to research and improve the defluoridation performances of
adsorbents. The fluoride adsorption on AlOOH can be
explained using ligand exchange theory. As is well known,
there is a layer of hydroxyl groups on the surfaces of AlOOH.46

To a certain degree, the surface hydroxyl group can be
understood as a Lewis base, which has an oxygen atom as a
donor that coordinates with Al ions (Lewis acid). The Al ions
can exchange the hydroxyl group with other coordinating
anions.47 Moreover, AlOOH has a stronger affinity for fluoride
than the hydroxyl group.48 Therefore, when the AlOOH

Table 3. Adsorption Capacities of Different Al-Based Adsorbents for Fluoride Removal from Water

adsorbents C0 (mg/L) pH contact time (h) qmax (mg/g) refs

Al-modified magnetite ore 1−30 7.8 24 1.51 6
Al/Fe oxide-loaded tea waste 5−200 5.0−10.0 5 18.52 8
Al2O3-modified expanded graphite 3−100 4.0 2.5 5.75 10
γ-AlOOH@chitosan shell@Fe3O4 5−100 7.0 1 67.5 13
mesoporous CoAl2O4 5−50 7.0 5 14.80 14
Al2O3 nanoparticles 1−50 5−6 6 9.73 24
amorphous Al2O3 microsphere 5−150 7.0 10 126.9 26
MgO-loaded Al2O3 5−1000 6.8 8 37.35 27
AlOOH@reduced graphene oxide 10−350 6.5 24 118.7 31
bayerite/boehmite 10−100 7.0 5 56.80 36
amorphous AlOOH 30−100 4.5−10.5 2 41.9 this study

Figure 10. Fluoride adsorption and desorption efficiencies of the AH-
5 adsorbent in successive cycles (C0 = 80 mg/L, T = 25 °C, adsorbent
dose = 2 g/L).

Figure 11. Residual Al concentration of the aqueous solution after
fluoride removal using AlOOH adsorbents prepared at different
hydrolysis pH values (C0 = 40 mg/L, T = 25 °C, adsorbent dose = 2
g/L), where the red line refers to the WHO limit of Al in drinking
water.

Figure 12. Schematic representation of fluoride removal from the aqueous solution using AlOOH adsorbents.
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adsorbents are put into a F− solution, the hydroxyl groups can
exchange with F−, as shown in Figure 12.

+ ≡ ↔ ≡ +− −F AlOH AlF OH (3)

where ≡ AlOH represents the hydroxyl group on the AlOOH
surface. After the reaction, fluoride adsorbs on the adsorbent
surface, and OH− is released into the aqueous solution.
To confirm the above fluoride removal mechanism, FTIR

and X-ray photoelectron spectroscopy (XPS) were used to
analyze the AlOOH adsorbents before and after fluoride
removal. Figure 13 illustrates the FTIR spectra of AH-5 before

and after adsorption. It is found that the peak at 961 cm−1

corresponding to the surface hydroxyl groups obviously
decreases after fluoride adsorption, indicating that surface
hydroxyl groups are involved in the fluoride adsorption
process. This validates that the exchange between surface
hydroxyl groups and fluoride is the main mechanism for
fluoride removal.

Figure 14 shows the XPS survey spectra and XPS spectra of
F 1s, Al 2p and O 1s of the AH-5 adsorbent before and after
fluoride removal. As can be seen from Figure 14a, a new peak
at 684.9 eV appears after fluoride removal, which corresponds
to the F 1s spectrum further confirmed by Figure 14b. Similar
results have been obtained in a H2O2-modified alumina
adsorbent and an oxalic modified Ce−AlOOH adsorbent.28,33

To further analyze the XPS results, the Al 2p and O 1s spectra
are fitted by the Gaussian−Lorentzian function, and the fitting
results are given in Figures 14c,d and Table 4. The Al 2p

spectrum of AH-5 can be resolved to two peaks located at 74.1
and 74.6 eV, which are assigned to Al−O and Al−OH,
respectively.49 After fluoride removal, in the Al 2p spectrum,
three peaks are observed. The new peak at 75.4 eV is assigned
to Al−F,36,50 implying that fluoride adsorbs on AH-5. The
content of Al−OH in Al 2p spectra decreases from 84.55 to
64.38% after fluoride removal, indicating that hydroxyl groups
are involved in the fluoride removal process. For O 1s spectra
(Figure 14d), the peaks at 530.6, 532.0, and 533.0 correspond
to Al−O−Al, Al−OH, and H2O, respectively.36,51 After
fluoride removal, the content of Al−OH decreases from
82.91 to 72.02%, which further confirms that the surface

Figure 13. FTIR spectra of the AH-5 adsorbent before and after
fluoride removal (C0 = 100 mg/L, T = 25 °C, adsorbent dose = 2 g/
L).

Figure 14. (a) XPS survey spectra and XPS spectra of (b) F 1s, (c) Al 2p, and (d) O 1s of the AH-5 adsorbent before and after fluoride removal
(C0 = 100 mg/L, T = 25 °C, adsorbent dose = 2 g/L).

Table 4. Al 2p and O 1s Peak Parameters for the AH-5
Adsorbent before and after Fluoride Removal

electrons peak
binding energy

(eV)
before

adsorption (%)
after adsorption

(%)

Al 2p Al−O 73.9 15.45 22.06
Al−OH 74.5 84.55 64.38
Al−F 75.4 13.56

O 1s Al−O−
Al

530.6 9.20 14.56

Al−OH 532.0 82.91 72.02
H2O 533.0 7.89 13.42
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hydroxyl groups are the active sites for fluoride adsorption.
This is in agreement with the results of Al 2p spectra and FTIR
spectra. Therefore, it can be concluded that the exchange
between fluoride and surface hydroxyl groups is the main
fluoride removal mechanism of AlOOH adsorbents.

3. CONCLUSIONS
In this work, amorphous and crystalline AlOOH adsorbents
were synthesized through hydrolysis of Al salts, and their
feasibility for fluoride removal was evaluated. It is found that
the defluoridation performance of AlOOH is closely related to
the hydrolysis pH value but hardly to the type of Al salts.
AlOOH prepared at a hydrolysis pH value of 5 exhibited the
best fluoride removal efficiency. Increasing the hydrolysis pH
value from 5 to 10, the adsorbent transforms from amorphous
to crystalline AlOOH, and the defluoridation efficiency
decreases from 99.6 to 57.0%. AH-5 not only has a fast
defluoridation rate but also has a high adsorption capacity. It
can remove >95% fluoride in the first 2 min and reach
adsorption equilibrium within 2 h, and the maximum
defluoridation capacity is 41.9 mg/g. Furthermore, the
adsorbent could effectively remove fluoride from water at a
wide pH range of 4.5−10.5. After fluoride removal, the
adsorbents prepared at pH values of 6 and 7 have low residual
Al concentration. The FTIR and XPS results confirm that the
fluoride removal mechanism is the ligand exchange between
fluoride and hydroxyl groups. Based on the outstanding
performance of high adsorption capacity, fast defluoridation
rate, and low residual Al concentration, AH-6 is a promising
adsorbent for fluoride removal.

4. EXPERIMENTAL PROCEDURE
4.1. Preparation of AlOOH Adsorbents. NaAlO2,

Al2(SO4)3·18H2O, Al(NO3)3·9H2O, AlCl3, NH3·H2O,
NaOH, HCl, NaF, and absolute ethanol were purchased
from Sinopharm Chemical Reagent Co., Ltd. All of the
chemical reagents were of analytical reagent grade and were
used as received. Amorphous or crystalline AlOOH adsorbents
were prepared through hydrolysis of Al salts. First, 1 g of
NaAlO2 was dissolved in 100 mL of deionized water, and then
diluted HCl solution was added dropwise through a PTFE
burette until the pH value of suspension reached the
predetermined values (5−10). In this process, a white
precipitate was gradually formed

+ → ↓ +NaAlO HCl AlOOH NaCl2 (4)

Subsequently, the suspension was filtered by vacuum filtration
and washed four times with deionized water and once with
absolute ethanol. Finally, the obtained precipitate was dried at
60 °C for 10 h and then sieved using a 200 mesh nylon sieve.
The AlOOH adsorbent is labeled as AH-N, where “N”
represents the hydrolysis pH value.
To study the effect of Al salt type on defluoridation

performance of AlOOH, Al2(SO4)3, Al(NO3)3, and AlCl3 were
used as Al sources to prepare AlOOH adsorbents, and the
preparation procedure was similar to that of using NaAlO2 as
the Al source. First, 1 g of Al salt was dissolved in 100 mL of
deionized water, and then diluted NH3·H2O solution was
added dropwise until the pH value of suspension reached 8. In
this process, a white precipitate was gradually formed

+ · → ↓ + ++ +Al 3NH H O AlOOH 3NH H O3
3 2 4 2 (5)

After that, the suspension was filtered, cleaned, dried, and
sieved.

4.2. Fluoride Removal Tests. A stock solution with 1000
mg/L F− was obtained through dissolving an appropriate
amount of NaF in deionized water. The aqueous solution with
different initial F− concentrations was prepared by diluting the
F− stock solution with deionized water. In each fluoride
removal test, 0.5 g of an AlOOH adsorbent was added into a
PTFE beaker containing 250 mL of the F− solution. To
improve the adsorption efficiency, the suspension was stirred at
a speed of 500 rpm using a magnetic stirrer. All of the
adsorption tests were conducted at 25 ± 1 °C, which was
controlled by a thermostatic water bath. At a predetermined
time, 10 mL of suspension was collected from the beaker using
a syringe-driven filter with a 0.22 μm polyethersulfone (PES)
membrane. After the adsorption test, the adsorbent was
recovered by filtering and drying and used for further analysis.
In the tests of analyzing the effect of pH value on the
defluoridation efficiency, the pH value of the F− solution was
adjusted using the NaOH or HCl solution. To ensure the
reproducibility, each fluoride removal test was carried out three
times and the average values were used.

4.3. Chemical Analyses. The concentration of fluoride in
the aqueous solution was measured using an ion meter (PXSJ-
216, Inesa Scientific Instrument Co., Shanghai, China) with a
fluoride ion-selective electrode. The fluoride removal efficiency
α can be obtained using the following equation

α =
−C C

C
t0

0 (6)

where C0 is the initial F− concentration and Ct is the F−

concentration in the aqueous solution at time t.
The pH value of the F− solution before and after fluoride

removal was determined using a pH meter (PHS-3E, Inesa
Scientific Instrument Co., Shanghai, China). The crystalline
phases and morphology of adsorbents were analyzed using X-
ray diffractometry (XRD, D8 Advance, Germany) and
scanning electron microscopy (SEM, Sigma 500/VP, Ger-
many), respectively. The specific surface area and pore
characteristics of adsorbents were examined using a surface
area analyzer (ASAP 2020). The functional groups and
chemical bonds of adsorbents before and after fluoride removal
were analyzed using a Fourier transform infrared spectrometer
(FTIR, Avatar 370). The surface element chemical states of
adsorbents before and after fluoride removal were acquired by
X-ray photoelectron spectroscopy (XPS, ESCALAB250Xi). An
inductively coupled plasma atomic emission spectrometer
(ICP-AES, ICAP 6300) was used to analyze the residual Al
concentration in solution after defluoridation.
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